ABSTRACT In this paper, an all-optical quadrature phase shift keying (QPSK) phase regeneration scheme using vector phase sensitive amplification (PSA) is proposed, analyzed, and simulated. Compared with the conventional scalar PSA scheme, the vector superposition of harmonics makes it easy to obtain high gain extinction ratio (GER) with low pump powers. A subsequent phase-preserving amplitude regenerating device is also introduced to achieve full-quadrature regeneration of signal without phase conjugation and frequency conversion. In addition to the theoretical analysis of the implementation principle, a series of simulation results' analysis, including comparison with traditional scheme and regeneration performance assessment, is also included. The results show that undesired harmonics are greatly reduced by nearly 40 dB, and high GERs are available independent of input power. What is more, various levels of phase and amplitude noise can be effectively compressed for 10-Gbd QPSK signal. The regeneration system also reduces the signal bit error rate and gets 2-dB receiver optical signal noise ratio (OSNR) improvements at 13-dB OSNR input, which has potential applications in enhancing transmission distance in the future optical communication network.
I. INTRODUCTION
In order to support the exponential growth of bandwidth requirements brought by diverse network applications in future converged, collaborative and co-automatic(3C) optical networks, advanced modulation formats are used to increase channel capacity [1] . Quadrature phase shift keying (QPSK) modulation format in combination with multiplexing technologies has both high spectral efficiency and robustness, which is one of the mainstream ways to achieve large-capacity long-distance transmission [2] , [3] . However, it gives rise to a demand of signal regeneration, since phase modulated signals are susceptible to more factors such as nonlinear noise. All-optical signal processing with fast response, high energy efficiency, and large-bandwidth provision provides efficient signal regeneration methods and attracts considerable attention in decades [4] .
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There is a myriad of all-optical QPSK signal regeneration researches based on the coherent addition of signal and its conjugate harmonic(s) using phase-sensitive (PS) processes [5] - [7] . This PS process, historically known as ''phase sensitive amplification (PSA)'', is one of the most widely used method so far to regenerate phase coded signals. It provides input signal with phase depended gain and compression, and unwanted phase component is well compressed when the power ratio between the signal and its conjugate harmonic is optimized. To realize this, a coherent parametric mixer architecture is proposed and demonstrated in [8] . A four-wave-mixing (FWM) process and a two-pump parametric process are used separately to generate harmonics and coherently combine a selected harmonic with the input signal, realizing phase quantization. The power ratio for optimal quantization or phase regeneration is achieved by adjusting the power of input pumps. Apparently, this kind of trial and error method is inconvenient, and high pump power which is also energy inefficient is often needed to generate idler with sufficient power. Raman amplifier is introduced in [9] to achieve direct power adjustment of the signal and idler. By placing waves on or off the Raman gain bandwidth, uneven gain between the signal and idler is obtained for a specific power ratio without destroying the phase locking relationship between them. However, the uneven amplification only works when waves have different wavelengths. Motivated by the idea of separating the process of coherent addition from the other nonlinear processes, [10] and [11] make it possible to adjust the amplitude ratio between harmonics directly using the phase modulator (PM). The harmonics are generated at different wavelengths in these schemes, and then they are combined by PM as a frequency shifter. However, the use of PM to move the spectrum brings the problem of frequency lock and phase lock. Polarization which is an important factor that can be used to help achieve direct control of power ratio is ignored in the above studies. A configuration based on polarization assisted PSA is proposed and experimentally demonstrated in [12] - [15] . This phase sensitive optical processor is capable of regenerating BPSK signals at low pump powers by polarization mixing a phase-locked signal/idler pair generated in a degenerate dual-pump vector FWM. High GER is easily achieved, however, this method is limited to the regeneration of BPSK signals and cannot be promoted to higher order modulation formats. Although an application of QPSK signal regeneration is mentioned, it works at saturation with high input powers (around 30 dBm) and lost energy efficiency.
In this paper, a QPSK signal regeneration scheme using vector PSA is proposed. Optimal phase regeneration is easily obtained by separating the process of coherent addition from the other nonlinear processes in this scheme. The two waves to be combined share the same frequency but distinguished by different polarization states, and the vector superposition makes it possible to obtain high GER using low pump powers or through minor level of optical nonlinearity. Due to the orthogonality between pumps in vector PSA, undesired harmonics generated by pump-to-pump and pump-to-signal FWM interactions are greatly reduced. With the subsequent amplitude regeneration device, the signal achieves full-quadrature regeneration at its original frequency. What's more, the scheme can be extended to multilevel phase modulation formats without any hardware changes, which is cost efficient and responsive.
The rest of this paper is organized as follows. In section II, the operating principle of a QPSK phase regenerator using vector PSA is described in detail. Some formula derivation of the principle is made. Phase and amplitude response analysis for different parameters are also included. Simulation configuration for the phase regenerator is presented in section III. Section IV is divided into two parts to introduce simulation results. The comparison of vector PSA scheme and conventional scalar PSA scheme is made in the first part to explain the advantages of our scheme. In the second part, results of full-quadrature regeneration of QPSK signal are showed to demonstrate validity. In section V The conclusion is finally drawn.
II. OPERATING PRINCIPLE
The scheme of a QPSK signal phase regenerator using vector PSA is illustrated in Fig. 1 . Two cross-polarized pumps, pump1 and pump2, and the signal which is co-polarized with one of the pumps are sent to a length of high nonlinear fiber (HNLF) as input (upper right section in Fig. 1 ). As previously mentioned, the coherent addition of idlers (bottom right section in Fig. 1 ) is separated from idlers generation processes (left section in Fig. 1 ). With respect to the nonlinear processes in HNLF, new waves are generated simultaneously and two of them are the idlers that we concerned: the third harmonic of the signal is generated through cascaded FWM with pump1, a conjugated copy of the signal but with orthogonal polarization is generated through vector nondegenerate FWM with two pumps. Compared with the traditional regeneration scheme, the waves to be combined share the same frequency but different polarization states, which paves the way for the subsequent vector superposition.
As is known, phase regeneration of QPSK signal can be achieved by applying 4-level phase quantization. For traditional scalar scheme where input signal and pumps copolarized with each other, transfer function is described as the following [8] :
where |A| and φ are the amplitude and phase of synthesized signal, respectively, φ s is the input signal phase, and m is the amplitude mixing ratio. In our scheme, Jones vectors are introduced to describe the electric field of polarized waves. The two idlers filtered from FIGURE 1. Operating principle of QPSK signal phase regeneration using vector PSA. VOLUME 7, 2019 nonlinear media are as the following:
where δ i (i = 1, 2) defines the phase relation between signal polarization components and θ i determines the magnitude of the wave in each polarization component.
As shown in bottom right section of Fig. 1 , polarizer is placed with its polarization angle properly rotated at an angle α with respect to the in-phase axis. After vector superposition of the idlers, the output of polarizer can be expressed as:
where E is the scalar electric field of synthesized signal which situated along the polarizer transmission axis. It is noted that the two idlers are orthogonal, if the relative polarization of various waves are well maintained.
Comparing (4) with (1), the products before e 3jφ s (set to m' for the sake of simplification) has the same physical meaning with m, i.e., the weight of harmonic in respect to the signal, and it decides the performance of phase compression. For the regeneration of QPSK signal, the optimal coefficient is m' = 0.33 [8] . To achieve that value, efforts are made to get the appropriate pump power and power ratio in traditional schemes, since the power of idlers is proportional to pumps. However, this kind of trial and error method is inconvenient, and high pump power is often needed to compensate the power of idler compared with signal. In our vector PSA scheme, the power ratio is adjusted by simply rotating polarizer axis (changing α) since variable α is introduced to the coefficient m', see (4) . Arbitrary GER (defined as gain extinction ratio, and in return the performance of phase compression) is available with fixed power setting and even low optical nonlinearity. Details of regeneration performance are explained later in section IV. Fig. 2 highlights the relation between m', GER, and binary step-like phase responses to explain the parameter settings for phase regeneration. It shows three examples of the calculated phase and amplitude responses versus input signal phase, obtained from (4) for m' = 0.33, m' = 0.11V, and m' = 0.7, achieving GER values of about 5.95 dB, 1.82 dB, and 15.03 dB. In Fig. 2(a) , the output phase indicated by the black dotted line is compressed to four discrete values (π and -π are treated as one state from the constellation diagram), and is called step-like phase responses for ideal regeneration. The blue line (m' = 0.33, GER = 5.95 dB) is closest to the ideal case and is relatively flat at the four phases. However, the orange line (m' = 0.11, GER = 1.82 dB) does not have enough step depth, which means insufficient compression. The yellow line (m' = 0.7, GER = 15.03 dB), on the contrary, makes the step uneven because of over phase compression. It can be concluded that both greater and less m' than the optimal value leads to worse phase responses. Fig. 2(b) is in accord with (a) and shows the relation between normalized gain and input phases. The difference between the peak and valley of the curves is GER, and the larger GER corresponds to the better phase compression for regeneration, premise that over compression (GER > 5.95 dB) does not happen. It also reveals that the amplitude is approximately cosine modulated, which leads to an increase in amplitude noise during phase compression. Minor changes to existing configuration are required to access M-level quantization or phase regeneration of MPSK signals. Without any hardware changes, synthesized signal is output from polarizer at the frequency of the (M-1)-th harmonic by tuning pump2 to the frequency of the M-th harmonic. It also should be noted that idlers are generated in a phase insensitive manner, and such flexibility control of coherent addition may come at the price of reduced net phase sensitive amplification. In the path of signal carrier, the following Mach-Zehnder modulator is used to generate 10 Gbaud QPSK signal with 2 15 − 1 pseudo-random binary sequence (PRBS) pattern. A noise emulator is applied afterwards to emulate phase and amplitude noise. To be specific, controllable amount of phase noise is applied by passing the signal through a PM driven by broadband electrical noise, and amplitude noise is added to the signal by coupling amplified-spontaneous emission (ASE) noise into the signal path. The noisy signal is then combined with pump1 through a polarizer to ensure that they are co-polarized. After that, they are coupled with pump2 to form the full set of input through a polarization beam combiner (PBC) before amplified and launched into 300 meters long HNLF (nonlinear coefficient of 11.6 W−1·km−1, dispersion slope of 0.018 ps/(nm 2 ·km), the zero-dispersion wavelength of 1553.6 nm, and the Brillouin threshold of 27 dBm). A PC is also used at the input of the HNLF to maintain the state of polarizations (SOPs) of input beams [16] .
It is worth mentioning that the process in HNLF and the polarizer constitute vector PSA (the dashed rectangle in Fig. 3 ). Two generated idlers at 193.1 THz, which are on orthogonal SOPs, were filtered out and fed into a polarizer to finish coherent addition. In more detail, the angle α of polarizer (ranging from 0 to 90 degrees) is properly set to achieve optimal idlers power ratio by optimizing the phase regeneration performance.
From a practical point of view, a phase lock loop (PLL) is included to stabilize the relative phase between three waves in different paths [17] . To be specific, a small proportion (10%) of the signal is tapped off to serve as the seed for a piezoelectric transducer (PZT) which is placed in the path of pump2. What's more, the waves SOPs may not maintain along the fiber due to random birefringence or other slow polarization state drifts, which makes polarization independent gain unavailable. To solve this, a feedback loop can be introduced for polarization monitoring, or polarization maintaining fiber (PMF) is used instead [18] .
IV. RESULTS
In order to make a contrast of vector PSA scheme with conventional scalar PSA scheme, the comb tone used as signal carrier is phase modulated from −π to π to introduce continuous phase variation. In scalar PSA, all waves are controlled through PCs to ensure co-polarization, and a coupler is used instead of the PBC.
A. COMPARISON OF VECTOR PSA SCHEME AND CONVENTIONAL SCALAR PSA SCHEME Fig. 4 shows the output spectrum of the two schemes which operate at total input power of about 25 dBm (signal power: FIGURE 4. Optical spectrum at the HNLF output when input signal carries continuous phase variation from −π to π for both vector PSA (red line) and conventional scalar PSA (gray line) scheme. VOLUME 7, 2019 18dBm, both pump powers: 21 dBm). The red line of vector PSA has much less undesired harmonics generated by pump and signal interactions than the gray line of scalar PSA, and the spectral width of idlers is narrower. The FWM components generated solely by the pump interactions were reduced by about 40 dB due to the isolation from pump orthogonality in vector PSA. In addition, the corresponding GER value of two cases are 5.30 dB for vector PSA and 1.82 dB for scalar PSA respectively. It shows that vector scheme achieves almost 3 times the GER of scalar scheme under the same circumstance. The implications of these different GER values in terms of phase compression are clearly illustrated in Fig. 2.   FIGURE 5 . Gain extinction ratio versus total input power for both vector PSA and scalar PSA scheme, and corresponding polarizer angle versus total power in vector PSA scheme. Fig. 5 shows the simulated GERs as a function of total input power for the two schemes. The signal pump power ratio remains −3 dB, and the PSA operates at the total input power from 16 dBm to 28 dBm. The black solid line with squares represents GER of vector PSA. It can be seen that it almost stabilizes around the optimal GER value at this fixed signal and pumps power ratio even for a total power as low as 16dBm which leads to low optical nonlinearity. Some points are a little bit worse than the optimal value only because of the limitation of minimum step used in the polarizer rotation angle. The corresponding angle of polarizer transmission axis α is illustrated by the red dotted line with squares. The value is monotonically increasing from 5 to 49 degrees, which implies that the power of the third harmonic increases faster than the conjugate wave as the input power changes. The polarizer thus aligned in a direction close to the orthogonal axis to achieve optimal phase compression. However, scalar PSA denoted by black solid line with circles achieves at most half of the phase compression effect (GER = 2.66 dB) compared with vector PSA under the same parameters. Although higher GER may obtained when the input power continues to increase, it is abandoned due to the occurrence of over phase compression. 
B. FULL-QUADRATURE REGENERATION OF QPSK SIGNAL
In order to verify the system's ability to regenerate the phase, 10Gbaud QPSK signal is input with various levels of phase noise (from 1.25 to 25 degrees) and a fixed portion of amplitude noise (input OSNR = 25 dB). In terms of error vector magnitude (EVM), phase error (PE) and amplitude error (AE), the corresponding results at the input and output of the vector PSA are summarized in insets of Fig. 6 . PE is defined as the maximum range of phase difference between received signal and noiseless signal. AE is defined as the ratio of the standard deviation of the received signal amplitude to the amplitude of noiseless signal.
As the input phase noise increases, in Fig. 6(b) , the output phase error increases at a slower rate and the phase noise is effectively compressed. At the highest level of input phase error (30.9 degrees), for example, the output is reduced by 36.1% to 19.7 degrees. It can be seen in Fig. 6(c) that the phase is well compressed at the cost of amplitude error increasing (as explained in Fig. 2(b) ), which is up to 7.9% at the highest input PE. Using saturation regime is one of effective ways to avoid this phase-amplitude noise conversion. Albeit with the undesirable effect on amplitude, the EVM which takes into account both PEs and AEs have an overall improvement after the regenerator for almost all the various cases. As shown in Fig. 6(a) , EVM is able to achieve 16.7% improvement from 32.3% to 15.6% when PE is maximum.
Input and output normalized constellation diagrams comparison of some cases are placed next to Fig. 6(a) for reference. They clearly show the effect of phase compression, the conversion of phase noise to amplitude noise, and a certain degree of phase shift from self-phase modulation (SPM).
A phase-preserving amplitude regenerating device using saturated single pump non-degenerate FWM is added after the phase regenerator for the following reasons: amplitude regeneration, wavelength conversion, and phase conjugation. Amplitude noise itself does not affect phase encoded signals such as QPSK, however, being converted to nonlinear phase noise again during the subsequent transmission due to the Gordon-Mollenauer makes amplitude regeneration indispensable [19] . What's more, output of the full-quadrature regeneration is shifted to the original signal frequency and no longer conjugated by doing so. The configuration is depicted in Fig. 7 . Phase regenerated signal passes through a PC to align the polarization state with an amplified pump before combing with it. The waves are then amplified and launched into 500 meters long HNLF to generate the conjugation of input signal before filtered by an OBPF. Pump power and signal power is set to 22.3 dBm and 8.5 dBm respectively to meet the following requirements: the system operates in saturation regime without suffering stimulated Brillouin scattering (SBS), and pump signal power ratio is large enough to reduce amplitude to phase noise conversion for phase preservation [20] .
In the previous simulations, efforts are made to supply more phase noise than amplitude noise for demonstration purposes. Such noise distribution is not necessary to realistic applications where amplitude noise and phase noise are often comparable [21] . Therefore, in this simulation, signals carrying different levels of ASE noise are used as input to evaluate the full-quadrature regeneration scheme. The constellation diagrams of two cases: signal with high OSNR (15 dB) and low OSNR (20 dB) are shown in Fig. 8 . Through saturated FWM, not only the converted amplitude noise introduced in the phase regeneration stage is eliminated, but also the amplitude noise of the original signal is well reduced. The total AEs of the two scenarios is reduced by 7.8% and 5.1% respectively. As for the PE, in addition to most of the noise compression caused by the phase regener- ation device, the amplitude regeneration device also brings a small PE reduction (2.1 degrees and 2.2 degrees respectively). This is achieved by the conjugating effect in the amplitude regenerator which counteracts the SPM accrued during phase regeneration to some extent [22] . In general, the phase and amplitude of both signals are well regenerated concluded by the overall improvement of EVM for 12.8% and 7.6% respectively.
Bit error rate (BER) is one of the most commonly used data communication transmission quality indicators. To evaluate the effect of the regenerator on the signal BER under different circumstances, multiple levels of ASE noise is added before the receiver to emulate transmission channel noise variation as receiver OSNR. Fig. 9 shows the BER performance versus receiver OSNR for different cases. The red line represents the case in which the noisy signal is phase and amplitude regenerated before transmitted and received at the receiver side. The blue line shows the BER of noisy signal that is transmitted and received directly as a comparison. The standard BER versus OSNR curve for back-to-back (B2B) noise-free QPSK signal is also included and indicated by the black line. In Fig. 9(a) , the input signal OSNR is 18dB for three curves. It can be seen that the red line and black line almost stick together which proves that the signal is nearly restored to be noiseless after regeneration. What's more, the regenerated signal gets 1.1dB receiver OSNR improvements at the BER of −2.4 dB by the contrast of the red line with the blue line. It should be explained that −2.4 dB refers to a pre-FEC BER threshold, which is the limit for uncorrectable errors [23] .
The input signal OSNR in Fig.9(b) is 13dB to simulate high noise. Since error bit of QPSK signal occurs at OSNR less than 10dB, which cannot be correct by regeneration [24] . The gap between the red line and the black line means that there is still noise residue after the regeneration. Nevertheless, it gets 2 dB receiver OSNR improvements at the BER threshold.
V. CONCLUSION
A QPSK signal regeneration scheme using vector PSA is proposed, theoretically analyzed and simulated in this paper. The comparison with traditional scalar PSA scheme in the simulation shows less undesired harmonic disturbance and higher spectrum efficiency can be achieved. By convenient control of power ratio in coherent addition, it achieves optimal GER value even through minor level of optical nonlinearity with a total power as low as 16dBm for example. As for the regeneration effect, results show that various levels of phase noise can be effectively compressed for 10Gbaud QPSK signal. Combined with subsequent phase-preserving amplitude regenerating device, signal gets full-quadrature regeneration without frequency conversion, and SPM introduced by the phase regenerator is reduced. The regeneration scheme also effectively reduces the signal BER and gets receiver OSNR improvements at the BER threshold, which has potential applications in enhancing transmission distance in future optical communication network. 
